Introduction
============

Hsp90 ([h]{.ul}eat [s]{.ul}hock [p]{.ul}rotein [90]{.ul}) is a key component of a molecular chaperone complex that supports the conformational maturation and stabilization of many oncoproteins, including signaling kinases, transcription factors, and growth factor receptors ([@B1][@B2][@B3]). Hsp90 couples the binding and hydrolysis of ATP to the correct folding of client proteins ([@B4], [@B5]). The ansamycin class of inhibitors such as the natural product geldanamycin, its derivative 17-allyamino-geldanamycin (17-AAG)[^2^](#FN3){ref-type="fn"} and IPI-504, the highly soluble hydroquinone salt of 17-AAG, competitively inhibit ATP binding and thereby the chaperoning activity of Hsp90 ([@B4][@B5; @B6][@B7]). IPI-504 binds Hsp90 with a 50-fold higher affinity than 17-AAG ([@B8], [@B9]), has antitumor activity in numerous animal tumor models ([@B10][@B11; @B12; @B13][@B14]), and has been evaluated in several clinical trials. Although these Hsp90 inhibitors reduce tumor size and delay or halt tumor progression in nonclinical models, the precise correlation between the degree of Hsp90 inhibition and the resulting cancer cell growth inhibition is yet to be determined.

A diversity of methods have been developed to measure Hsp90 activity and function in cultured cells and in patient samples ([@B6]). The biochemical assays commonly used to study Hsp90 co-chaperone complexes, or to discover new small molecule Hsp90 inhibitors, include ATPase activity assays for Hsp90 in yeast ([@B15][@B16][@B17]) or from reticulocyte lysates ([@B18]), fluorescence polarization assays monitoring the displacement of fluorescent ATP probes ([@B19]), and a Hsp90 dependent luciferase refolding assay after heat shock denaturation ([@B20][@B21][@B22]). In cultured cells, Hsp90 inhibition is assessed via the degradation of client proteins (*e.g.* cRaf (raf proto-oncogene serine/threonine protein kinase) or HER2 ([@B6], [@B16])) or the induction of heat shock protein 70 (Hsp70) ([@B6]). The induction of Hsp70 in normal peripheral blood leukocytes is the typical measurement of pharmacological response to Hsp90 inhibition in patients treated with Hsp90 inhibitors. Although used routinely, there is no clear correlation between the extent of Hsp70 induction in normal cells and the pharmacological effect in tumor tissue ([@B23][@B24][@B25]). It has been hypothesized that the Hsp90 complex in cancer cells binds more tightly to Hsp90 inhibitors than the Hsp90 complex in normal cells ([@B26]). If correct, this would question the validity of measuring the induction of Hsp70 in normal cells (peripheral blood leukocytes) as a PD marker in the clinic.

Herein, we report the development of a method that quantitatively measures drug binding to Hsp90 in cancer cells. At 4 °C, a stable Hsp90·ansamycin complex is trapped due to the slow dissociation of bound 17-AAG or IPI-504 (half-life ∼ 24 h). Due to a large differential between the slow off-rate and relatively fast on-rate of IPI-504, Hsp90 occupancy can be determined by titrating unoccupied binding sites with radioactive ligand in combination with measuring amounts of total Hsp90 ([Fig. 1](#F1){ref-type="fig"}). This occupancy assay was tested using purified Hsp90 and then applied to cancer cell lines and to a tumor xenograft.

![**Schematic representation of the Hsp90 occupancy assay.** A drug-treated cancer cell lysate (sample) was passed over a gel filtration spin column at 4 °C, and the sample was split into two aliquots. In one sample, total Hsp90 was determined by quantitative immunoblotting using separate antibodies to detect both Hsp90α and Hsp90β isoforms. In the second sample, open Hsp90 binding sites were titrated with \[^3^H\]17-AAG at 4 °C. Percent of Hsp90 occupancy was calculated from a ratio of Hsp90 open binding sites to total Hsp90.](zbc0021142660001){#F1}

EXPERIMENTAL PROCEDURES
=======================

### 

#### Materials

HeLa-purified Hsp90 and recombinant human Hsp90α and Hsp90β were from Stressgen (Ann Arbor, MI). Anti-Hsp90α antibody (clone 68) was from BD Biosciences; anti-Hsp90β antibody (clone H-114) and anti-HER2 (C-18) from Santa Cruz Biotechnology; and anti-EGFR, Akt (protein kinase B), and cRaf antibodies were from Cell Signaling (Beverly, MA). HRP-linked secondary antibodies were purchased from GE Healthcare. Zeba desalting size exclusion spin columns and plates were obtained from Thermo Fisher Scientific (Rockford, IL). 17-AAG and IPI-504 were synthesized at Infinity Pharmaceuticals ([@B7]). \[^3^H\]17-AAG (25 Ci/mmol, ≥98% pure by HPLC) was custom synthesized by Ambios Labs (Newington, CT). \[^3^H\]17-AAG working stock was 444 μ[m]{.smallcaps} with a specific activity of 2.2 Ci/mmol. Microscint 40 scintillation fluid from PerkinElmer Life Sciences. Cell lines NCI-H1650, NCI-H1975, SK-BR-3, SKOV-3, and RS4;11 (ATCC, Manassas, VA) were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1 μg/ml streptomycin, and 1 μg/ml penicillin. All cell lines were tested for mycoplasma and maintained at 37 °C in a 5% CO~2~ atmosphere.

#### Binding Kinetics for Purified Hsp90 and Hsp90 from Cancer Cell Lysates

For dissociation off-rate determinations, a \[^3^H\]17-AAG·Hsp90 complex was formed by incubating radiolabeled 17-AAG (200 n[m]{.smallcaps}) with purified Hsp90 (100 n[m]{.smallcaps}) or SK-BR-3 lysates (∼100 n[m]{.smallcaps} Hsp90 as determined by quantitative immunoblotting) at 4 °C overnight in Hsp90 binding buffer (20 m[m]{.smallcaps} Hepes, pH 7.3, 1 m[m]{.smallcaps} EDTA, 100 m[m]{.smallcaps} KCl, 5 m[m]{.smallcaps} MgCl, 0.01% (v/v) Nonidet P-40, and 1 m[m]{.smallcaps} Tris(2-carboxyethyl)phosphine hydrochloride (Thermo Fisher Scientific), 0.5 mg/ml bovine gamma globulin, and protease inhibitor mixture (Roche Diagnostics GmbH). 1 m[m]{.smallcaps} Tris(2-carboxyethyl)phosphine Hydrochloride is added to Hsp90 binding buffer to maintain 17-AAG in its hydroquinone form. Unbound drug was removed by passing a 110-μl sample volume over two Hsp90 buffer-equilibrated Zeba size exclusion columns (bed volume, 500 μl) and spinning for 1 min at 1500 × *g*. Addition of 10 μ[m]{.smallcaps} unlabeled 17-AAG to the pooled exclusion volume, either at 4 or 37 °C initiated the dissociation time course. Aliquots (110 μl) were removed at different time points and subsequently passed over a new set of spin columns to remove dissociated \[^3^H\]17-AAG. The column exclusion volume (80 μl) was mixed with 800 μl of scintillation fluid and measured on a Microbeta Plus liquid scintillation counter (PerkinElmer Life Sciences). The time-dependent loss of radioactive counts were fit to a monoexponential decay function yielding the dissociation rate of 17-AAG measured at both 4 and 37 °C. The net association rate of 10 μ[m]{.smallcaps} 17-AAG at 4 °C was determined by incubating \[^3^H\]17-AAG with 100 n[m]{.smallcaps} purified Hsp90 protein or cancer cell lysate with an equivalent amount of Hsp90. Aliquots (110 μl) were removed over time, and the extent of \[^3^H\]17-AAG binding was measured by a time-dependent increase of radioactive counts (cpm) in an 80-μl size exclusion column flow-through. The specific binding data were fit to a single exponential equation: *Y* = *Y*~max~ (1 − *e*^−^*^k^*^~ob~·^*^t^*), with *t*½ calculated by *t*½ = 0.693/*k*~obs~.

#### Titration of Unoccupied Hsp90 Sites with \[^3^H\]17-AAG with Purified Hsp90

Samples with various levels of Hsp90 occupancy were generated by incubating 100 n[m]{.smallcaps} Hsp90β with increasing concentrations of cold 17-AAG (0.4--400 n[m]{.smallcaps}) in Hsp90 binding buffer overnight at 4 °C. Binding reactions (110 μl) were passed over prechilled size exclusion columns to remove unbound 17-AAG followed by addition of 2.5 μl \[^3^H\]17-AAG (10 μ[m]{.smallcaps} final) to the eluate. Samples were incubated for 2 h on ice. The samples again were passed over size exclusion columns and flow-through radioactive counts in 80 μl converted to mol of \[^3^H\]17-AAG and plotted against added unlabeled 17-AAG. Zeba column flow-through background counts from 10 μ[m]{.smallcaps} \[^3^H\]17-AAG mixed with Hsp90 binding buffer were subtracted from Hsp90 bound counts.

#### Titration of Unoccupied Hsp90 Sites with \[^3^H\]17-AAG in Cell and Tumor Lysate

H1650, H1975, SKOV-3, and RS4;11 cells were seeded (1 × 10^5^ − 5 × 10^5^ cells per well) and grown to 95% confluency in six-well plates (Costar). Cells were incubated with increasing concentrations of IPI-504 (0.01--10 μ[m]{.smallcaps}) for 6 or 24 h at 37 °C, washed twice with cold PBS, and lysed in 250 μl Hsp90 binding buffer by three repetitions of freeze/thaw. Whole snap frozen tumors from IPI-504 dosed mice were pulverized to powder with 200 strokes/min for 2 min in a Geno/grinder 2000. Approximately 10 mg of powder were homogenized on ice for 1--2 min with 300 μl of chilled Hsp90 binding buffer and clarified by centrifugation (14,000 × *g* for 10 min at 4 °C). Supernatants (110 μl) obtained from cell lysates or tumor homogenates were quickly passed over prechilled size exclusion columns to remove any unbound cold 17-AAG/IPI-504. \[^3^H\]17-AAG working stock in 1 m[m]{.smallcaps} Tris(2-carboxyethyl)phosphine hydrochloride was added to the eluant (2.5 μl; final concentration, 10 μ[m]{.smallcaps}) and incubated for 2 h at 4 °C to ensure complete binding to unoccupied Hsp90 sites, and the resulting mixture was subsequently passed over size exclusion columns to remove unbound radiolabeled 17-AAG. Flow-through counts (80 μl) were measured on a Microbeta Plus liquid scintillation counter. Radioactive counts were converted to mol of bound \[^3^H\]17-AAG. Total Hsp90 protein in each sample was determined by quantitative immunoblotting using human recombinant Hsp90α and Hsp90β as standards and validated by stoichiometric titration with \[^3^H\]17-AAG. Hsp90 (occupancy) was calculated using the following equation.

#### Cell Growth Inhibition

Cells were seeded at 10,000 cells/well in 96-well plates incubated for 24 h and subsequently incubated with increasing concentrations of IPI-504 for 72 h. Viability studies were performed using Cell Titer Glow (Promega, Madison, WI). The data were normalized with respect to dimethyl sulfoxide vehicle control to generate growth inhibition GI~50~ values.

#### Immunoblot Analyses

For Hsp90 client protein quantitation, cells were treated for 6 or 24 h with IPI-504 and lysed in radioimmune precipitation assay buffer containing protease inhibitors. Total protein was determined by BCA method (Pierce) and resolved by SDS-PAGE (4--12% Bis-Tris). Immunodetection of proteins transferred to PDVF membranes was performed with enhanced chemiluminescent Western blot reagents (Thermo Fisher Scientific). Blots were probed with antibodies to detect the protein of interest. Image analysis and band quantitation normalized to actin loading control were performed with the Bio-Rad Versa Doc system.

#### H1650 Xenograft Studies

6-to-8-week-old male homozygous athymic nude (*nu*^−^*/nu*^−^) mice (Taconic Farms, Hudson, NY) were maintained in accordance with the Institutional Animal Care and Use Committee guidelines. Xenografts were generated by injecting 1 × 10^7^ H1650 cells into the right flank of 40 mice. Varying doses of IPI-504 or vehicle were administered by intraperitoneal injection twice per week (*n* = 10 per arm), and tumor xenograft size was measured twice weekly with calipers. Results are presented as means and S.E. For PD studies, two separate groups of animals were treated with IPI-504. One group of mice (*n* = 2) were treated i.p. with vehicle, 25, 50, or 100 mg/kg IPI-504 and sacrificed 2 h post dose. The other group (*n* = 3) was treated with a single i.v. dose of IPI-504 (100 mg/kg) and sacrificed at various time points post dose, blood plasma was collected, and tumors were removed and snap frozen in liquid nitrogen and stored at −80 °C.

#### Bioanalytical Methods

Concentrations of IPI-504, 17-AAG, and its metabolite 17-(amino)-17-demethoxygeldanamycin (17-AG) were determined by LC-MS/MS analysis that was developed and validated ([@B27]) with minor modifications. Tumor samples were homogenized in ice-cold nitrogen sparged 1:1 solution of acetonitrile: 150 m[m]{.smallcaps} citrate, 0.2% (w/v) EDTA, 0.2% (w/v) ascorbate, pH 3, filtered using a 0.45-μm low binding hydrophilic solvinert plate and diluted 1:1 with ice-cold nitrogen sparged 75 m[m]{.smallcaps} citrate, 0.1% (w/v) EDTA, 0.1% (w/v) ascorbate, pH 3, containing 25 ng/ml deuterated 17-AAG as internal standard.

RESULTS
=======

### 

#### Dissociation of 17-AAG from Hsp90 Is Highly Temperature-dependent

17-AAG has been shown to rapidly dissociate from Hsp90 at 37 °C ([@B7], [@B28]). Here, we compare the off-rate of 17-AAG from Hsp90 at 4 and 37 °C. 17-AAG dissociates quickly from purified Hsp90 at 37 °C with a *k*~off~ = 0.087 min^−1^, corresponding to a half-life of 8 min ([Fig. 2](#F2){ref-type="fig"}*A*), consistent with values reported by Ge *et al.* ([@B7]) and Carreras *et al.* ([@B28]). Importantly, at 4 °C the dissociation time was considerably longer with a *k*~off~ = 0.024 h^−1^, corresponding to a *t*½ of 28 h ([Fig. 2](#F2){ref-type="fig"}*A*). Similarly, the dissociation rate of 17-AAG from Hsp90 in SK-BR-3 lysates at 4 °C was slow, with a half-life of 36 h ([Fig. 2](#F2){ref-type="fig"}*B*). Interestingly, Gooljarsingh *et al.* ([@B29]) reported a *t*½ dissociation rate of 4.5 h for geldanamycin at ambient temperature. Taken together, these results indicate that the rate of 17-AAG-Hsp90 dissociation is highly dependent on temperature and follows an Arrhenius type behavior.

![**Dissociation of \[^3^H\]17-AAG from purified Hsp90 and SK-BR-3 lysates is highly temperature-dependent.** Purified Hela Hsp90 (100 n[m]{.smallcaps}) or lysate Hsp90·\[^3^H\]17-AAG complexes were formed as described under "Experimental Procedures" and passed over size exclusion spin columns. Column eluates were incubated with 10 μ[m]{.smallcaps} cold 17-AAG, and samples were removed at different time points. A loss of bound radioactive 17-AAG counts from Hsp90 was measured at both 4 and 37 °C (*A*) and Hsp90 in SK-BR-3 cancer cell lysate at 4 °C (*B*). The data were fit to a monoexponential decay equation.](zbc0021142660002){#F2}

#### Association of 17-AAG to Hsp90 Is Relatively Fast at 4 °C under Saturating Conditions

The association of 17-AAG is a second order process with the net rate dependent on 17-AAG concentration. The mechanism of binding to Hsp90 has been studied in some detail showing 17-AAG binds to Hsp90 via a two-step binding model with initial binding followed by a time-dependent conformational change in the protein that results in a tighter Hsp90·17-AAG complex ([@B29]). For our purposes, we determined the net rate of association of 10 μ[m]{.smallcaps} 17-AAG utilizing Hsp90 from different sources. Association rates were determined for Hsp90 purified from Hela cells and Hsp90 in an extract from SK-BR-3 cells. Protein (100 n[m]{.smallcaps} Hsp90) or lysate (∼100 n[m]{.smallcaps} Hsp90) was incubated with a fixed concentration of \[^3^H\]17-AAG (10 μ[m]{.smallcaps}) and binding measured by the time-dependent increase in protein bound \[^3^H\]17-AAG found in the column flow-through. A 100-fold excess of \[^3^H\]17-AAG was used to maximize the rate of association relative to the rate of dissociation. At 10 μ[m]{.smallcaps} 17-AAG, association to Hsp90 followed a single exponential phase from which a *k*~obs~ was calculated with a corresponding *t*½. At 4 °C, 17-AAG bound to purified Hsp90 with an association *t*½ of 6 min ([Fig. 3](#F3){ref-type="fig"}*A*) and to SK-BR-3 lysate with an association *t*½ of 19 min ([Fig. 3](#F3){ref-type="fig"}*B*). Drug binding to purified Hsp90 or to Hsp90 in cell lysates reached equilibrium by 40 and 130 min at 4 °C, respectively ([Fig. 3](#F3){ref-type="fig"}). Because the rate of dissociation is ∼100-fold slower than the rate of association of 10 μ[m]{.smallcaps} 17-AAG at 4 °C, the drug bound state of Hsp90 pretreated with 17-AAG can be trapped for an extended period of time. Therefore, it should be possible to use titration with radiolabeled 17-AAG to determine the number of unoccupied binding sites on Hsp90 and, in combination with quantitative immunoblotting to measure total Hsp90, derive a fractional drug occupancy for Hsp90.

![**Binding of \[^3^H\]17-AAG to purified Hela Hsp90 and SK-BR-3 lysates at 4 °C.** The binding reaction was initiated by adding 10 μ[m]{.smallcaps} \[^3^H\]17-AAG to 100 n[m]{.smallcaps} purified Hsp90 or to SK-BR-3 lysate containing ∼100 n[m]{.smallcaps} Hsp90. Drug association was measured at 4 °C by a time-dependent increase in protein bound counts for purified Hsp90 (*A*) or Hsp90 in SK-BR-3 cell lysate (*B*). Data were fitted by nonlinear regression to a single exponential equation to obtain a (*k*~obs~) value. Half-life was calculated using the equation *t*½ = 0.693/*k*~obs~.](zbc0021142660003){#F3}

#### Unoccupied Binding Sites on Hsp90 Can Be Titrated with \[^3^H\]17-AAG

To obtain proof of principle that unoccupied binding sites on Hsp90 can be titrated using radioactively labeled 17-AAG, various levels of occupancy were created by preincubating purified Hsp90 with increasing concentrations of unlabeled 17-AAG to equilibrium. After unbound 17-AAG was removed, free Hsp90 sites were titrated with radiolabeled 17-AAG at 4 °C under reducing conditions to maintain 17-AAG in its tight binding dihydroquinone form ([@B8], [@B30]). Preincubation with an excess of unlabeled 17-AAG resulted in an absence of labeled 17-AAG binding, whereas preincubation with little or no 17-AAG allowed virtually all of the Hsp90 present to be titrated with labeled 17-AAG ([Fig. 4](#F4){ref-type="fig"}). 17-AAG titration curves were similar for both Hsp90 isoforms (α and β data not shown), yielding ∼50% Hsp90 occupancy with 42 n[m]{.smallcaps} 17-AAG when 100 n[m]{.smallcaps} Hsp90 protein was used as the input ([Fig. 4](#F4){ref-type="fig"}). When assaying drug-free Hsp90, it is possible to titrate ∼80% of the total Hsp90 used in the experiment. This is presumably due to a loss of ∼20% Hsp90 after two passes through the size exclusion spin columns used to separate bound from free drug in the experiment. These results imply that a percent occupancy value for Hsp90 can be experimentally determined using open binding site titration at 4 °C combined with quantitative measurement of total Hsp90 protein.

![**Hsp90 open binding sites can be titrated with \[^3^H\]17-AAG.** Recombinant human Hsp90β protein (100 n[m]{.smallcaps}) was incubated with increasing concentrations of unlabeled 17-AAG overnight at 4 °C followed by removal of unbound 17-AAG with prechilled size exclusion columns. Free Hsp90 sites were titrated with \[^3^H\]17-AAG at 4 °C as described under "Experimental Procedures." The data from triplicate binding experiments were fit to a four parameter logistic equation.](zbc0021142660004){#F4}

#### Determining Hsp90 Occupancy in Cells Treated with IPI-504

To determine whether Hsp90 occupancy can be measured in cancer cells lines, an increasing concentration of IPI-504 was added to the nonsmall cell lung cancer cell line (NSCLC) H1650 for 6 h *in vitro*. Titration of the unoccupied Hsp90 binding sites in lysates was done as described above, and total Hsp90 was determined by quantitative immunoblotting ([Fig. 5](#F5){ref-type="fig"}*A*). As a single antibody that could reliably quantify both Hsp90 isoforms (α and β) could not be found, the levels of Hsp90α and β protein were measured separately and summed ([Fig. 5](#F5){ref-type="fig"}*B*). A value for percent occupancy was derived by dividing the number of open binding sites by the number of Hsp90 molecules present. Occupancy values were produced for a range of concentrations of IPI-504 used to preincubate the cells ([Fig. 5](#F5){ref-type="fig"}*B*). An occupancy curve was generated, yielding an EC~50~ of 30 n[m]{.smallcaps} ([Fig. 5](#F5){ref-type="fig"}*C*).

![**Determination of Hsp90 occupancy in living cells.** H1650 cells were incubated with increasing concentrations of IPI-504 for 6 h at 37 °C. Total Hsp90 protein levels were determined by quantitative immunoblotting using separate anti Hsp90α and Hsp90β antibodies and recombinant proteins as internal standards (*A*). Percent Hsp90 occupancy was determined by titration of open binding sites at 4 °C and total Hsp90 (*B* and *C*). Data are from a representative experiment with *n* = 2.](zbc0021142660005){#F5}

In the experimental setup, free 17-AAG was separated from bound using size exclusion spin columns, and tightly bound 17-AAG to protein was equated to 17-AAG bound to Hsp90. To confirm this assumption, cells were incubated with a large excess of radiolabeled 17-AAG, and protein bound counts were plotted *versus* concentration. A saturable binding curve was obtained with the maximum binding level approaching the total amount of Hsp90 present as measured by quantitative immunoblotting ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.141580/DC1)). This indicates that the majority of protein bound by 17-AAG is indeed Hsp90. This is in agreement with our observation that other cellular proteins reported to bind to 17-AAG either display a lower affinity for the drug and/or are expressed at levels at least 10x lower than Hsp90α/β and thus do not significantly contribute to drug binding in our experiments.

#### Hsp90 occupancy in cancer cell lines correlates with the growth inhibitory effects of IPI-504

We next applied this method to compare compound occupancy on Hsp90 with the cytotoxic effects of IPI-504 in living cancer cells. H1650, H1975, SKOV-3, and RS4;11 cancer cell lines were incubated with increasing concentrations of IPI-504 for 6 h, and drug occupancy was determined. After 72 h, cell growth inhibition was measured at these concentrations. Drug occupancy (EC~50~ = 30, 44, 74, and 644 n[m]{.smallcaps} for H1650, SKOV-3, H1975, and RS4;11, respectively) correlated well with the cell growth inhibitory activity of IPI-504 (GI~50~ = 37, 52, 51, and 2000 n[m]{.smallcaps}, respectively ([Table 1](#T1){ref-type="table"})), indicating that the sensitivity of cells to IPI-504 is linked to the ability of IPI-504 to occupy Hsp90 within cells. These results also indicate that the relative resistance of RS4;11 cells to IPI-504 is not due to an insensitivity of this cell line to Hsp90 inhibition, but rather, a higher drug concentration is required to fully occupy and thereby inhibit Hsp90.

###### 

**Hsp90 occupancy correlates with IPI-504 cell growth inhibition among four cancer cell lines**

Cell lines H1650, SKOV-3, H1975, and RS4;11 were treated with increasing concentrations of IPI-504 and cell growth inhibition (GI~50~) measured after 72 h. Hsp90 occupancy (EC~50~) was measured after 6 h of incubation with increasing concentrations of IPI-504 as described under "Experimental Procedures." The values obtained are an average of two experiments.

  Cell line   Hsp90 occupancy (EC~50~)   Cell growth inhibition (GI~50~)
  ----------- -------------------------- ---------------------------------
              *n[m]{.smallcaps}*         *n[m]{.smallcaps}*
  H1650       30                         37
  SKOV-3      44                         52
  H1975       74                         51
  RS4;11      644                        2000

#### Hsp90 Occupancy and Effect on Client Protein Degradation

Because the initial downstream effect of Hsp90 inhibition is the degradation of client proteins, the correlation between Hsp90 occupancy and client protein degradation was studied. The NSCLC cell line H1650 expresses several well known Hsp90 client proteins. Some of them, like HER2 and mutant epidermal growth factor receptor (mEGFR), have been reported to be very sensitive to Hsp90 inhibition, whereas others like cRaf and Akt are reported to be less sensitive ([@B31][@B32; @B33][@B34]). H1650 cells were incubated for 6 h with increasing concentrations of IPI-504, and HER2, mEGFR, Akt, and cRaf protein levels were assessed by immunoblotting. HER2, the most sensitive client described to date, was \>90% degraded after incubation with 30 n[m]{.smallcaps} IPI-504 and yielded a degradation EC~50~ of 11 n[m]{.smallcaps}, whereas mEGFR exhibited an intermediate sensitivity with a degradation EC~50~ of 213 n[m]{.smallcaps} at this early time point ([Fig. 6](#F6){ref-type="fig"}, *A* and *B*). As expected, cRaf and Akt were less sensitive with maximal degradation not higher than 42 and 54% respectively at 10 μ[m]{.smallcaps}, the highest concentration tested ([Fig. 6](#F6){ref-type="fig"}, *A* and *B*). At 6 h, the degradation curve for HER2 essentially overlays the Hsp90 occupancy curve, but this was not seen with the three other clients ([Fig. 6](#F6){ref-type="fig"}*B*). However, when H1650 cells were incubated with IPI-504 for 24 h, the abundance of all four client proteins now corresponds to the occupancy of Hsp90 ([Fig. 6](#F6){ref-type="fig"}, *C* and *D*), with EC~50~ values ranging between 10 and 46 n[m]{.smallcaps}.

![**Effect of Hsp90 occupancy on client protein abundance.** H1650 cells were incubated for 6 or 24 h with increasing concentrations of IPI-504. HER2, mEGFR, Akt, and cRaf protein levels were assessed by immunoblotting (*A* and *C*). The fraction of degraded proteins was assessed by densitometry compared with untreated samples and plotted together with the occupancy curves (*B* and *D*).](zbc0021142660006){#F6}

#### Hsp90 Occupancy in H1650 Tumor Xenografts

With a working occupancy method in hand, we explored the relationship between PK, PD (client protein degradation), Hsp90 occupancy, and tumor growth inhibition after IPI-504 administration in a mouse xenograft model of human lung cancer. Nude mice bearing xenografts of the human NSCLC cell line H1650 were dosed with IPI-504 at 100 mg/kg, and the plasma concentration of IPI-504 and its active metabolites (17-AAG and 17-AG) were determined at different times after drug administration ([Fig. 7](#F7){ref-type="fig"}*A*). Similarly, the concentrations of the active IPI-504 species were determined in tumor tissue ([Fig. 7](#F7){ref-type="fig"}*A*). Part of the tumor tissue was also used to determine Hsp90 occupancy (as described under "Experimental Procedures"), and aliquots of tumor tissue lysate were immunoblotted to measure the degradation of the Hsp90 client protein mEGFR as a PD readout ([Fig. 7](#F7){ref-type="fig"}, *B* and *C*). Drug plasma concentration was maximal between 1 and 2 h and declined after 4 h, whereas high concentrations of IPI-504 and its metabolites were still present in tumors 36 h post dose ([Fig. 7](#F7){ref-type="fig"}*A*). Significant Hsp90 occupancy was observed up to 12 h and slowly declined to background levels by 48 h. Correspondingly, mEGFR protein degradation was observed after 2 h with re-emergence of protein expression at 24 h. After an initial lag, degradation of mEGFR protein *in vivo* correlates well with drug occupancy of Hsp90 in the tumor ([Fig. 7](#F7){ref-type="fig"}*C*). To determine what correlation exists between Hsp90 occupancy and tumor growth inhibition, we set up parallel experiments in mice bearing xenografts of the NSCLC cell line H1650. In one arm, animals were treated with different doses of IPI-504 (25, 50, and 100 mg/kg) twice weekly for 4 weeks, and the tumor volumes were determined ([Fig. 8](#F8){ref-type="fig"}*A*). In the other arm, animals were treated with a single dose (100 mg/kg), and tumors were removed at the peak of IPI-504 tumor concentration (2 h post dose, see [Fig. 7](#F7){ref-type="fig"}*A*), and drug occupancy on Hsp90 at 4 °C was determined. By plotting the mean tumor volume (mm^3^) measured on day 50 against % Hsp90 target occupancy ([Fig. 8](#F8){ref-type="fig"}*B*), a direct correlation between tumor growth inhibition in animals and target occupancy by IPI-504 was obtained. This suggests that tumor growth inhibition in animals is a direct consequence of Hsp90 inhibition by IPI-504 and that such measurements could potentially be used during dose escalation in the clinic to full target inhibition rather than maximum tolerated dose.

![**Hsp90 occupancy is a better predictor of *in vivo* pharmacodynamic effects by IPI-504 than tumor or plasma PK.** H1650 tumor-bearing mice were treated with a single dose of 100 mg/kg intravenous IPI-504. Tumors and blood plasma were harvested at designated time points post dose. Drug levels of Hsp90 active species (IPI-504, 17-AAG, and 17-AG) were quantified by LC-MS/MS in plasma and in tumor (*A*). EGFR protein levels (*B*) and Hsp90 occupancy (*C*) were measured in tumor tissue. Data are expressed as averages ± S.D. (vehicle (*veh*), *n* = 2; and 1--48 h, *n* = 3).](zbc0021142660007){#F7}

![**Hsp90 occupancy correlates with antitumor activity of IPI-504 in a xenograft model of NSCLC.** H1650 tumor bearing mice were treated with vehicle (●), 25 mg/kg (□), 50 mg/kg (▾), or 100 mg/kg (○) of IPI-504 (IP, twice weekly) and tumor growth was assessed by caliper measurement (*A*). Data are expressed as means and standard error (*n* = 10 per arm). A separate group of H1650 tumor bearing mice was treated with a single dose of 25, 50, or 100 mg/kg of IPI-504 and sacrificed 2 h post dose. Hsp90 occupancy was determined as described and plotted against tumor size (mm^3^) measured on day 50 of drug treatment (*B*). Data are expressed as averages with standard deviation (*n* = 2 (*x*-axis)) and as means with standard error (*n* = 10 (*y*-axis)). The points were fit to a linear least squares regression equation with a calculated *R*^2^ = 0.98.](zbc0021142660008){#F8}

DISCUSSION
==========

As multiple Hsp90 inhibitors are being evaluated in patients, it becomes increasingly important to determine the extent and duration of target inhibition and its relationship to clinical activity. Here, we describe a method that directly measures the level of inhibitor occupancy on Hsp90 in biological samples. This assay allows a more direct characterization of inhibitor activity as compared with current methods, which rely on surrogate markers and downstream signaling events ([@B35], [@B36]). The principle of this method involves the titration of unoccupied Hsp90 binding sites with radiolabeled 17-AAG without the displacement of prebound IPI-504/17-AAG. This is enabled by a slow off-rate of prebound drug from Hsp90 at 4 °C and a relatively fast association of 10 μ[m]{.smallcaps} radiolabeled probe used to detect open binding sites. In combination with quantitative immunoblotting to determine the total number of Hsp90 molecules in a given sample, we are able to calculate a value for percent occupancy of Hsp90. We demonstrate feasibility of the method with purified Hsp90 by adding IPI-504 to occupy various fractions of input Hsp90 followed by titration of the remaining empty sites with \[^3^H\]17-AAG. When applied to living cells, we are able to determine an occupancy value for varying concentrations of Hsp90 inhibitor added to cells. In four cancer cell lines studied, the EC~50~ value for Hsp90 occupancy correlates well with the growth inhibitory activity of IPI-504 in those cells.

Hsp90 inhibition impacts cellular protein homeostasis via different mechanisms ([@B31]). For example, Hsp90 inhibition can prevent the binding of the target client protein to Hsp90 ([@B37], [@B38]), arrest maturation of Hsp90-bound client proteins without disrupting the cochaperone complex ([@B39], [@B40]), or block the release of the refolded protein, leading to ubiquitin-dependent degradation ([@B22]). It has been previously shown that client proteins exhibit differential sensitivity to Hsp90 inhibition, with HER2 and mEGFR classified as sensitive and Akt and cRaf as insensitive clients based on the time course of protein disappearance as measured by Western analysis after Hsp90 inhibitor treatment ([@B32], [@B34], [@B41]). The mechanistic basis for variability of client protein sensitivity to Hsp90 is not clear. We therefore investigated the connection between Hsp90 occupancy and client protein degradation in a cell line (H1650) that contains both sensitive (HER2, mEGFR) and insensitive (cRaf, Akt) clients. After 6 h of incubation with IPI-504, we observe the expected differential depletion of client proteins by immunoblotting ([Fig. 6](#F6){ref-type="fig"}*A*). Superimposing these results with Hsp90 occupancy at the same time points ([Fig. 6](#F6){ref-type="fig"}*B*) demonstrates that the protein degradation curve for the most sensitive client protein (HER2) overlies the Hsp90 occupancy curve. In other words, when 50% of Hsp90 is occupied, ∼50% of cellular HER2 has been degraded. This is in stark contrast to the less sensitive clients (mEGFR, cRaf, and Akt) where drug concentrations that lead to 80% occupancy of Hsp90, had very little to no effect on client protein levels. One hypothesis to explain differential client protein sensitivity has been that some client proteins depend on Hsp90 chaperoning activity only for maturation, whereas others display a constant dependence on Hsp90 for stability even as a mature protein ([@B41]). Our results at 6 h are consistent with this hypothesis and would posit that for HER2, even its mature form is dependent on Hsp90 for its stability, whereas mEGFR, cRaf, and Akt are only dependent on Hsp90 during maturation. For those client proteins, inhibition of Hsp90 would be similar to inhibition of their synthesis, and the degradation time course after Hsp90 inhibition would correspond to protein half-life. If this explanation is correct, one would expect that for longer exposure to Hsp90 inhibition, all client protein degradation curves would now match the occupancy dose response. This is precisely what we observe after incubation with IPI-504 for 24 h ([Fig. 6](#F6){ref-type="fig"}, *C* and *D*).

We also applied this method to an *in vivo* xenograft model to study the relationship between PK, PD, Hsp90 occupancy, and biological activity. As reported for other Hsp90 inhibitors, IPI-504 is rapidly cleared from the circulation and from normal tissue but accumulates in tumor tissue ([@B42]). At 24 h post dose, IPI-504 and its metabolites were barely detectable in plasma but still maintained at a concentration of ∼400 n[m]{.smallcaps} in the tumor at 48 h. Comparing the time course of plasma PK, tumor PK, PD (client protein degradation), and Hsp90 occupancy ([Fig. 7](#F7){ref-type="fig"}), it is clear that Hsp90 occupancy correlates best with client protein degradation. The time course of Hsp90 occupancy matches the time course of EGFR protein degradation with client completely degraded when Hsp90 occupancy is maximal, and EGFR expression is restored when Hsp90 is no longer occupied with drug. In contrast, plasma PK underestimates and tumor PK overestimates the effect of IPI-504 on client proteins *in vivo*. At 24 to 48 h, tumor PK measurements show concentrations of IPI-504 of ∼1 μ[m]{.smallcaps}, significantly more than the EC~90~ for mEGFR degradation for this cell line, yet mEGFR levels are restored by 24 to 36 h. Interestingly, the occupancy assay reveals that although drug is present in the bulk tumor, the drug is apparently not bound to Hsp90 at these time points.

We also measured the *in vivo* occupancy in tumors from animals administered different concentrations of IPI-504 and compared the occupancy values obtained 2 h after a single dose with anti-tumor activity observed after 4 weeks of dosing at that concentration. We observe a linear correlation between occupancy at a given dose and the effect that this dose level has on tumor growth inhibition after multiple doses. There is no detectable threshold effect, even a modest inhibition of Hsp90 led to a limited but statistically significant growth inhibition *in vivo*.

IPI-504 and other Hsp90 inhibitors have been reported to bind more potently to Hsp90 in cancer cells compared with normal cells.[^3^](#FN4){ref-type="fn"} This makes the measurement of Hsp70 induction in peripheral blood leukocytes questionable as a PD readout in patients treated with Hsp90 inhibitors but also precludes the use of the occupancy assay in such surrogate cells. However, in hematological cancers where cancer cells are readily accessible, there might be an opportunity to use this assay to investigate the magnitude and duration of Hsp90 inhibition in patients. This method can also be applied to other nonansamycin Hsp90 inhibitors provided the off-rates at 4 °C are of long duration.

In conclusion, we report a novel method to assess the level of drug occupancy on Hsp90 after Hsp90 inhibitor treatment *in vitro* and *in vivo*. This method has the potential to be useful both for mechanistic studies as well as for the ongoing clinical development of Hsp90 inhibitors.
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